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Introduction {#sec1}
============

Combined cell and gene therapy approaches to both rejuvenate cellular niches and provide therapeutic molecules to diseased host cells is a promising treatment approach for neurological disorders ([@bib16]). The delivery of various growth factors to the site of damage using *ex vivo* genetically modified cells has been shown to support host neurons in disease models of amyotrophic lateral sclerosis (ALS) and Parkinson\'s, Huntington\'s, and Alzheimer\'s diseases ([@bib2], [@bib3], [@bib8], [@bib10], [@bib9], [@bib16], [@bib19]). Our group has shown that human neural progenitor cells genetically engineered to stably produce glial cell line-derived neurotrophic factor (GDNF) can survive, migrate, release GDNF, and protect degenerating neurons ([@bib2], [@bib19]). Critically, these cells have been confirmed to be safe and non-tumorigenic and are being used in the first-ever US Food and Drug Administration-approved phase 1/2a clinical cell and gene therapy trial to protect motor neurons in ALS (NCT02943850, 2017).

ALS is a rapidly progressing disease, hence constitutive trophic factor release may be satisfactory without considering long-term effects of continual drug administration. In contrast, other neurological diseases with a longer life span may not require sustained growth factor secretion. Postmortem analysis of a Parkinsonian patient only temporarily receiving GDNF in the caudate putamen showed persistent neuronal sprouting that may explain maintained effects after GDNF delivery cessation ([@bib20], [@bib26]). Furthermore, constitutive growth factor release does not allow for cessation in the event of a contraindication. For instance, the development of Lhermitte\'s symptoms reported by some patients receiving GDNF ([@bib24]). In addition, sustained GDNF expression can cause aberrant sprouting and desensitization of the targeted neurons, which importantly were reversed upon GDNF cessation using a tetracycline-regulated system ([@bib15], [@bib14]). Overall, there is a clear rationale for growth factor regulation in these types of clinical trial.

External factors such as mifepristone, rapamycin, or tetracycline (\[Tet\], and its analog doxycycline \[dox\]) can be used to regulate gene expression ([@bib1], [@bib12], [@bib28]). GDNF delivered by direct gene transfer in the rodent has been regulated ([@bib7]), but this has yet to be accomplished for engrafted human neural cells engineered to release GDNF. Finally, the need for repeated on-off flexibility may be required, yet the current standard in the field is to only induce or repress a gene over a single cycle.

In the current study we developed a dox-mediated method for inducing and reversing GDNF expression in human induced pluripotent stem cell (iPSC)-derived neural progenitor cells (iNPCs) transplanted to the adult mouse brain. We show that dox administration can inducibly and reversibly modulate GDNF secretion *in vivo*. As such, we demonstrate that the powerful technologies of iPSCs, *ex vivo* cell engineering, and gene regulation can be combined as a unique approach to treat disorders where regulated protein delivery may be desired.

Results {#sec2}
=======

A Vector to Provide Regulated Expression of Reporter Genes and GDNF {#sec2.1}
-------------------------------------------------------------------

Tet-ON systems rely on constitutive expression of the rtTA-V10 transactivator and a dox-responsive TRE-Bi (Tet-response element bidirectional) promoter ([@bib1]). We observed that if the transactivator and inducible promoter are expressed in different plasmids and co-transfected into cells, the cells drifted during expansion and selected against doubly transgenic populations, resulting in cells that are non-inducible (data not shown). Incorporating these elements as well as reporter genes in a single system requires a large vector, which was accomplished with our created vector named "pB-RTP-Tet-GDNF/memClover-FLuc*"* (piggyBac-reverse transactivator/TagBFP2nls/PacR-Tet-inducible-GDNF/membrane Clover-firefly luciferase) ([Figure 1](#fig1){ref-type="fig"}A). The vector is flanked by piggyBac terminal repeats (PB TR) ([Figure 1](#fig1){ref-type="fig"}A~1~), which allows for its stable genomic integration when the pBase enzyme is transiently expressed ([@bib6]). The vector has two promoters----a constitutively active CMV/Chick β-actin (also known as CAG) promoter and an inducible, bidirectional TRE-Bi promoter. The CAG promoter ([Figure 1](#fig1){ref-type="fig"}A~2~) drives constitutive expression of the rtTA-V10 (also known as tet-ON) transactivator ([Figure 1](#fig1){ref-type="fig"}A~3~), TagBFP2-V5-nls (enhanced blue fluorescent protein with a V5 tag and nuclear localization sequence) ([Figure 1](#fig1){ref-type="fig"}A~4~), and the puromycin resistance gene ([Figure 1](#fig1){ref-type="fig"}A~5~). Transgenes in tandem are separated by self-cleaving peptide linkers (P2A). Dox addition ([Figure 1](#fig1){ref-type="fig"}A~6~) causes the rtTA-V10 transactivator to undergo a conformational change ([Figure 1](#fig1){ref-type="fig"}A~7~), allowing it to bind to the TRE-Bi promoter ([Figure 1](#fig1){ref-type="fig"}A~8~) and catalyze transcription of downstream transgenes; and dox withdrawal reverses the induced gene expression. The first cistron of the TRE-Bi promoter harbors a myristoylated and palmitoylated (MyrPalm) Clover reporter (mpClover) ([Figure 1](#fig1){ref-type="fig"}A~9~) followed by destabilized firefly luciferase (Luc2P) ([Figure 1](#fig1){ref-type="fig"}A~10~). Clover is a GFP, and the MyrPalm sequences of which localize this protein to the cell membrane ([@bib4]). A membrane fluorescent reporter was chosen in order to avoid visual overlap with perinuclear GDNF localization. Luc2P has a half-life several-fold less than wild-type luciferase and was incorporated for gene expression analysis in live animals over time. The second cistron downstream of the inducible TRE-Bi promoter harbors GDNF ([Figure 1](#fig1){ref-type="fig"}A~11~) followed by the woodchuck hepatitis virus post-transcriptional element for increased gene expression ([Figure 1](#fig1){ref-type="fig"}A~12~). Well-characterized rabbit β-globin poly(A)s were placed downstream of the respective elements to terminate transcription and prevent spurious transgene expression. The pB-RTP-Tet-GDNF/memClover-FLuc vector is transfected alongside a pBase plasmid ([Figure 1](#fig1){ref-type="fig"}B) to promote stable genomic integration ([Figure 1](#fig1){ref-type="fig"}B~1~). In summary, the presence or absence of dox dictates the expression of the inducible transgenes (Clover, luciferase, and GDNF), while the rtTA-v10 transactivator, TagBFP-v5-nls, and puromycin resistance genes are constitutively expressed ([Figure 1](#fig1){ref-type="fig"}C).Figure 1Description of pB-RTP-Tet-GDNF/memClover-FLuc Vector(A) pB-RTP-Tet-GDNF/memClover-FLuc plasmid that is designed to stably integrate into genome when transfected in combination with pBase plasmid.(B) pBase plasmid.(C) Transgenes constitutively expressed or expressed only in the presence of doxycycline.(D) Live unstained fluorescent imaging of human iNPCs nucleofected with pB-RTP-Tet-GDNF/memClover-FLuc and grown as neurospheres.(E) Firefly luciferase activity normalized to renilla luciferase in iNPCs. N = 4 independent experiments.(F) Real-time firefly luciferase activity in live culture of iNPCs. N = 3 independent experiments. Error bars represent ± SEM.^∗∗∗^p \< 0.001.

Reporter Protein Production Is Reversibly Regulated *In Vitro* {#sec2.2}
--------------------------------------------------------------

To assess the dox-regulated system in therapeutically relevant cells, human iNPCs were nucleofected with the pB-RTP-Tet-GDNF/memClover-FLuc and pBase vectors. Nucleofected cells were grown as free-floating spheres (termed EZ spheres) that could be easily maintained and rapidly expanded ([@bib11]). In the absence of dox, spheres constitutively expressed BFP, and within 24 hr of adding dox, spheres expressed both BFP and GFP, indicating that the TRE-Bi promoter was responding to dox ([Figure 1](#fig1){ref-type="fig"}D).

To quantify reporter expression from the TRE-Bi promoter, iNPCs were nucleofected as above, along with an Ef1-renilla plasmid for renilla luciferase constitutive expression to normalize protein. A dual-luciferase assay revealed that cells expressed a ∼1,300-fold increase in firefly luciferase activity (normalized to renilla) after dox treatment, and this returned to near basal levels upon dox removal ([Figure 1](#fig1){ref-type="fig"}E). To assess the kinetics of the TRE-Bi-inducible promoter, firefly luciferase activity was quantified in a live culture of the nucleofected iNPCs grown in the presence of luciferin ([Figure 1](#fig1){ref-type="fig"}F). Bioluminescence rapidly increased after dox addition at time 0, and slowly decreased after dox removal (at 48 hr). In order to assess if the TRE-Bi promoter could be reversibly induced, the IncuCyte S3 Live-Cell Analysis System was used to take hourly images of the nucleofected iNPCs. Clover expression could be induced, reversed, and re-induced by adding, removing, and re-adding dox to the culture ([Video S1](#mmc2){ref-type="supplementary-material"}). As a clinically-relevant cell product would need to be expanded and banked, we assessed if the TRE-Bi promoter would remain dox responsive with an extensive cell expansion and freeze. Flow analysis revealed that 83% of the constitutively BFP^+^ cells were induced to express GFP ([Figure S1](#mmc1){ref-type="supplementary-material"}), demonstrating that the TRE-Bi promoter remained functional.

GDNF Production Is Reversibly Regulated *In Vitro* {#sec2.3}
--------------------------------------------------

To ensure that our system could regulate a therapeutically relevant molecule, GDNF production was assessed in nucleofected iNPCs. Immunofluorescence revealed that GDNF was not visible in cells in the absence of dox, which confirms our previous report that wild-type cells do not produce GDNF ([@bib10]). The reporter proteins Clover and luciferase were also not produced in the absence of dox, whereas BFP was produced under the constitutive promoter ([Figure 2](#fig2){ref-type="fig"}A). In the presence of dox, GDNF as well as Clover and luciferase were detected, along with maintained BFP production ([Figure 2](#fig2){ref-type="fig"}B). When dox was subsequently removed, GDNF and reporter gene production all ceased, while BFP was maintained ([Figure 2](#fig2){ref-type="fig"}C).Figure 2Doxycycline Regulates GDNF Expression from pB-RTP-Tet-GDNF/memClover-FLuc Nucleofected iPSC-Derived NPCs(A and B) Nucleofected iNPCs grown in the (A) absence or (B) presence of dox.(C) Nucleofected iNPCs grown in the absence of dox after dox was added and removed.(D) ELISA of 24 hr incubated medium from cells in (A--C), as well as in a culture with GDNF protein accumulation for 7 days. N = 3 independent experiments. Error bars represent ±SEM. ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.

In order to quantify the regulation of GDNF, ELISA was used on cells grown in the presence of dox (ON), absence of dox (OFF), in the presence then absence of dox (ON→OFF), and in the presence of dox for an extended period of time (ON→ON) wherein the medium was not changed ([Figure 2](#fig2){ref-type="fig"}D). Once again, cells did not produce appreciable levels of GDNF in the absence of dox. In contrast, cells produced robust levels of GDNF in the presence of dox after only 24 hr and this accumulated over 7 days of continuous dox. Critically, GDNF could be reversibly turned on and returned to baseline levels based on the presence/absence of dox. Normalizing ELISA results with stereological counts of GDNF^+^ cells demonstrated that dox-treated cultures secreted 7.34 × 10^−4^ pg of GDNF/GDNF^+^ cells/hr. The demonstration that proteins can be successfully induced and reversed *in vitro* sets the stage for protein regulation in cells following transplantation.

Reporter Transgene Expression Is Inducible and Reversible in iNPC Transplants in the Adult Brain {#sec2.4}
------------------------------------------------------------------------------------------------

To investigate the ability of this system to regulate protein expression *in vivo*, nucleofected iNPCs were expanded and transplanted to the adult non-obese diabetic-severe combined immunodeficiency (NOD-SCID) mouse brain ([Figure 3](#fig3){ref-type="fig"}A). During *in vitro* expansion, cells underwent two rounds of fluorescence-activated cell sorting (FACS) for nuclear BFP. The parent cell population contained 15.6% BFP^+^, which were then expanded as neurospheres for 7 weeks and sorted a second time for BFP, which yielded 32.4% BFP^+^ cells. Three weeks after the second sort, cells were divided into two groups, with one group receiving dox in culture for 3 days prior to transplantation and the other group receiving no dox. NOD-SCID mice (n = 14) were transplanted with 200,000 iNPCs into each striatal hemisphere, with 10 animals receiving cells pre-treated with dox and 4 animals receiving untreated cells. Animals did not receive dox before the transplant.Figure 3Reporter Transgene Expression Is Inducible and Reversible in iPSC-Derived NPC Transplants(A) Experimental design for nucleofection, expansion, FACS, transplant, treatment, and post-mortem analysis.(B) Weekly bioluminescence imaging of one animal from each group (animal no. 9 for group A and animal no. 3 for group B) over a 7-week *in vivo* experimental period. ON/OFF buttons indicate if animal received dox during the week prior to imaging.(C) Summary of weekly bioluminescence activity for all animals (N = 14). One animal (no. 13) was excluded from this analysis due an abnormally high bioluminescence signal observed and no inducible transgene signal observed by post-mortem immunohistochemistry. Error bars represent ± SEM.

One day after transplantation, all ten animals transplanted with the dox-treated cells emitted luciferase signal above background, which was calculated based on the signal from the animal\'s hind region ([Figures 3](#fig3){ref-type="fig"}B and 3C; week 0). To determine if the transplanted cells could be subsequently turned "ON" and "OFF" multiple times, animals were separated into two groups and switched ON→OFF→ON→OFF→ON (group A) or OFF→ON→OFF→ON (group B). Weekly bioluminescence imaging demonstrated that dox effectively regulated the luciferase protein *in vivo*, both in representative animals that started the trial on dox and ended off dox as well as started off dox and ended on dox ([Figure 3](#fig3){ref-type="fig"}B). Luciferase activity quantification at the weekly imaging session confirmed both the increase in luciferase activity in dox-treated animals and the inducibility of gene expression over time ([Figure 3](#fig3){ref-type="fig"}C). Collectively, this provides *in vivo* proof-of-principle for dox-inducible gene expression.

GDNF Expression Is Inducible and Reversible in iNPC Transplants {#sec2.5}
---------------------------------------------------------------

To confirm regulated GDNF expression in transplanted cells, animals were euthanized after the final imaging session and fluorescent immunohistochemistry assessed GDNF, Clover, and BFP production ([Figure 4](#fig4){ref-type="fig"}). Transplants in an animal ending the trial on dox ([Figure 4](#fig4){ref-type="fig"}A) and its littermate ending the trial off dox ([Figure 4](#fig4){ref-type="fig"}B) demonstrated BFP^+^ cells in the striatal region, yet Clover and GDNF were only detected in the dox-treated animal. High magnification showed that host cells adjacent to the graft site might be taking up GDNF in the dox-treated animal ([Figure 4](#fig4){ref-type="fig"}C, pink arrows), whereas this was not observed in the off-dox animal ([Figure 4](#fig4){ref-type="fig"}D). Collectively, these data reveal that GDNF secretion can be induced and reversed in iNPCs months after transplantation.Figure 4Doxycycline Mediates GDNF Expression in Transplanted iPSC-Derived NPCs(A and B) Striatal region of (A) animal no. 1 at experimental endpoint \[Started OFF→ON→OFF→Ended ON\] and (B) Animal no. 7 at experimental endpoint \[Started ON→OFF→ON→Ended OFF\].(C) High magnification image of squared region in (A). Pink arrows indicate GDNF expression in areas distant from TagBFP^+^ cells, suggesting that host cells uptake secreted GDNF.(D) High magnification image of squared region in (B). Note: Clover signal and GDNF signal are likely background given the overlap (B2/B3 and D2/D3).See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

Finally, 3,3′-diaminobenzidine (DAB) staining, which provides high sensitivity immunohistochemical detection and has effectively tracked human GDNF-expressing NPC transplants, was used to determine the production and location of GDNF protein ([@bib19]) ([Figure S2](#mmc1){ref-type="supplementary-material"} shows DAB staining of littermate animals from [Figure 4](#fig4){ref-type="fig"}). A blinded analysis revealed that all animals (except one, animal no. 8) that ended the trial on dox exhibited increased GDNF signal, which was not observed in any animal that ended the trial off dox ([Table S1](#mmc1){ref-type="supplementary-material"}). This analysis also revealed that variations in bioluminescence intensity might be due to varying graft location. Specifically, some animals that exhibited remarkably high bioluminescence signal had grafted cells in the meninges, which is likely due to cell reflux into the injection tract during needle retraction ([Figures S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}). Overall, the extensive analysis of all study animals confirmed a strong correlation between bioluminescence signal and GDNF expression.

Discussion {#sec3}
==========

This report provides proof-of-concept that GDNF produced by engineered human neural progenitor cells can be tightly regulated across multiple cycles *in vivo*. This technology can be applied to other growth factors, providing a valuable means to protect neurons damaged in different diseases. Using pB-RTP-Tet-GDNF/memClover-FLuc, we observed that dox penetrates the parenchymal transplant site to permit transgene activation from the inducible TRE-Bi promoter. We also report that transgene activity can be induced and reversed multiple cycles. Thus, GDNF administration can be attenuated or stopped if patients develop side effects, desensitization, or other transgene-related phenomena during disease progression. Alternatively, the drug regimen could be varied to allow for re-sensitization of host receptors and signaling pathways. This is in stark contrast to *ex vivo* gene therapy with constitutive gene expression. Importantly, the amount of dox concentration required for gene control (15 μg dox/g weight) is below antimicrobial doses and does not increase the presence of dox-resistant bacteria or negatively affect the gut flora ([@bib7]).

Interestingly, in comparison with the lentiviral transduction of human NPCs used for the ongoing ALS clinical trial (NCT02943850, 2017), the dox-catalyzed system described herein provides nearly 2-fold higher GDNF secretion ([@bib5]). This increase may be attributed to piggyBac transposition that can mediate more copies of plasmid genomic insertion than lentiviral transduction. Furthermore, GDNF transcription with previous lentiviral experiments is dependent on the PGK promoter that is activated by endogenous transcription factors. In the present study, GDNF transcription is initiated by binding of the tet-ON transactivator to the TRE-Bi promoter that is catalyzed by a conformational change initiated by dox administration. Thus, transcription is not limited by a naturally occurring transcription factor, but rather the amount of transactivator and dox present.

It is important to note that transplanting *ex vivo* genetically engineered neural progenitors adds a level of safety compared with direct viral transduction of host cells with *pB-RTP-Tet-GDNF/memClover-Fluc*. Specifically, direct viral transduction to the brain may not only target healthy cells that neighbor diseased cells but also may further compromise diseased host cells. In addition, simply introducing healthy neural progenitor/stem cells, in it of itself, may have beneficial effects on the diseased host milieu in various diseases ([@bib21], [@bib22], [@bib23]). Therefore, the synergistic impact of both cell and inducible gene therapy may surpass gene therapy alone. Especially when the neural cells are derived from a human iPSC source, critically providing the promise of autologous transplantation.

No animal exhibited abnormal behavior or any overt damage to the transplanted striatum based on examination of the brain. Importantly, no tumors or ectopic growths were observed in any of the transplant animals in this study or our previous iPSC transplant studies ([@bib27]). However, translating this therapy to the clinic will require further safety and efficacy testing. First, the long-term efficacy, toxicity, and potential antigenicity of the constitutively expressed transactivator (rtTA-V10) must be tested. Second, pBase in our study was used as a means to stably integrate pB-RTP-Tet-GDNF/memClover-FLuc due to its ease of use. Although pBase mediates random integration, we have not seen tumors in over 500 mice where pBase was used ([@bib4]). However, a clinical-grade product may necessitate single-copy site-specific integration. Toward this end, targeting the AAVS1 safe landing may allow for long-term stable integration and methylation-resistant expression of transgenes ([@bib17], [@bib25]). Importantly, we have observed marked dox-mediated transgene expression at the single-copy level using the same TRE-Bi promoter used in this study ([@bib18]). Finally, a limitation to translate this strategy into humans may be the large area of the brain that needs to be covered for a therapeutic effect. However, we predict that the neural progenitor cells will migrate into areas of damage, and it is possible to target larger regions of the striatum using multiple injections and convection-enhanced delivery ([@bib13]). We are now investigating this in a primate model of Parkinson\'s disease. The next stage for this approach would be to develop a cGMP-grade viral construct and to expand and bank cGMP iPSC-derived neural progenitor cells for use in human clinical trials.

In conclusion, this proof-of-principle study lays the foundation for combined inducible gene and cell therapies that function to provide protection for the treatment of neurodegenerative diseases.

Experimental Procedures {#sec4}
=======================

All laboratory animal procedures were approved by the Institutional Animal Care and Use Committee of Cedars-Sinai Medical Center. Detailed methods are available in [Supplemental Information](#app2){ref-type="sec"}.

Dox Addition to Cell Culture or to Animals {#sec4.1}
------------------------------------------

Dox solution was maintained in light protection and at 4°C. For cell culture, dox (Clontech 631311) was added to culture medium at 100 ng/mL. For *in vivo* work, animals were administered dox (15 μg dox/g weight) every 3--4 days by oral gavage (e.g., 60 μL for a 20-g animal), using a soft-tipped feeding needle (Instech FTP-20-30; Plymouth Meeting, PA) attached to a 1-mL syringe (BD 309659; Franklin Lakes, NJ).

Transplantation {#sec4.2}
---------------

Nucleofected iNPCs, which underwent two rounds of FACS for BFP, were transplanted into the striatum (2 μL of cells at 100,000 cells/μL into each hemisphere) of 6-month old NOD-SCID mice (Nod.cb17-Prkdc^scid^/J, Jackson Laboratory, no. 1303; Bar Harbor, ME). Three days before transplantation, a subset of cells was treated with dox. For transplantation, cells were dissociated, diluted to a final concentration of 100,000 cells/μL in conditioned medium, and maintained on ice. Animals were anesthetized with isoflurane and placed in a stereotaxic frame. Cells were injected bilaterally relative to bregma at 0.7 mm rostral and ±2.0 mm lateral. A 5-μL Hamilton microsyringe backfilled with PBS was loaded with 2 μL of cell solution and inserted to −4.00 mm. The microsyringe was then raised to −3.50 mm and the cell solution was injected at 1 μL/min. After cell injection, the microsyringe was raised to −3.00 mm, held for 2 min, and slowly withdrawn. Animals were checked daily.
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